There have been many reports on ultra-low-frequency (ULF) electromagnetic phenomena associated with earthquakes in a very wide frequency range. In this study, unusual behaviors of geomagnetic diurnal variations prior to the 2011 off the Pacific coast of Tohoku earthquake (Mw9.0) have been reported. Ratios of diurnal variation range between the target station Esashi (ESA) which is about 135 km from the epicenter and the remote reference station Kakioka (KAK) about 302 km distant to the epicenter have been computed. The results of 10-day running mean of the ratios showed a clear anomaly exceeding the statistical threshold in the vertical component about 2 months before the mega event. This anomaly is unique over a 3-year background, and the further stochastic test indicates that this anomaly is unlikely a random anomaly, which is highly suggestive of correlation with the mega event. The original records of geomagnetic fields of the ESA station also exhibit continuous anomalous behaviors for about 10 days in the vertical component approximate 2 months prior to the Mw9.0 earthquake.
Introduction
Regional electromagnetic (EM) changes associated with earthquakes have been intensively studied for several decades (e.g., Chen et al., 2010; Hattori et al., 2004a,b; Hayakawa and Molchanov, 2002; Ikeya, 1998, 1999; Johnston, 1997; Liu et al., 2006; Nagao et al., 2000 Nagao et al., , 2002 Park et al., 1993; Smith and Johnston, 1976; Tang et al., 2008 Tang et al., , 2010 Varotsos and Alexopoulos, 1984; Xu et al., 2009) . It is still quite challenging to clearly understand the relationship between the observed phenomena and the inside physics, due to the complexity of seismogenic process and incompletely understanding of the subsurface structure around the earthquake epicenter (Huang, 2011) . Although it is debatable whether or not the earthquake can be predicted, there are increasing accumulated observational reports on electromagnetic anomalies before disastrous earthquake in a very wide frequency range all over the world (e.g., Fan et al., 2010; Han et al., 2011; Hattori, 2004; Huang, 2002 Huang, , 2005 Huang and Lin, 2010a,b; Tang et al., 2010; Telesca et al., 2008; Yen et al., 2004; Zhao et al., 2009 Zhao et al., , 2010 .
Previous investigations suggested the ultra-low-frequency (ULF, up to 30 Hz, which is different from the definition of the International Telecommunication Union (ITU)) as a prospective band for the search for earthquake precursory signatures (e.g., Akinaga et al., 2001; Fraser-Smith et al., 1990; Hattori et al., 2013a,b; Hayakawa et al., 1996; Kawate et al., 1998; Kopytenko et al., 1993; Molchanov et al., 1992) . The ULF anomalies seem to follow an empirical relation between earthquake magnitudes and epicentral distances (Hattori, 2004) .
The diurnal magnetic variations, commonly known as Sq variations or ''magnetic quiet-day solar daily variations'' (Chapman and Bartels, 1940) , have been considered as another potential candidate for pre-earthquake phenomena study. So far, many reports indicated that the diurnal magnetic variations could be affected by large earthquakes (e.g., Duma and Ruzhin, 2003; Han et al., 2009; Liu et al., 2006) . Therefore, in order to detect any electromagnetic phenomena associated with ''the 2011 off the Pacific coast of Tohoku earthquake'' (Japanese government officially name, hereafter, the Tohoku earthquake), we focused on the diurnal magnetic variations and analyzed the geomagnetic data of Esashi (ESA) station and Kakioka (KAK) station from January 01, 2010 to December 31, 2012 in this study.
The Tohoku earthquake and ULF geomagnetic observations
The Tohoku earthquake, was a magnitude Mw9.0 undersea mega thrust earthquake off the coast of Japan that took place at 14:46 LT (Local Time) on March 11, 2011; the geographic coordinate of its epicenter is 142.372°E, 38.297°N. This earthquake was the biggest earthquake ever to have hit Japan, and the fifth biggest earthquake in the world since the instrumental recording of earthquakes.
According to an empirical relationship between the magnitudes and the epicentral distances for earthquake-related ULF geomagnetic anomalies given by Hirano and Hattori (2011) , we chose the ESA station (141.355°E, 39.237°N), which is about 135 km to the epicenter, to investigate the potential earthquake-related phenomena. The KAK station (140.186°E, 36.232°N) , which is about 302 km to the epicenter, has been chosen as a remote reference station in this study. Fig. 1 displays the distribution of the geomagnetic stations and the epicenter of the Tohoku earthquake.
We downloaded the geomagnetic data from the website of each station. The reported data of 1-min value were used in this study. The original data were absolute values of the horizontal (H), declination (D) and vertical (Z) components. Here, we transformed H and D to the X (N-S) and Y (E-W) components.
Methodology and results
Geomagnetic diurnal variation, also known as magnetic daily variation, is the oscillation of the earth's magnetic field which has a periodicity of about a day. It results from perturbations of the Earth's ionosphere and the beyond, and depends to a close approximation only on local time and geographic latitude. Generally, geomagnetic diurnal variation consists of two sources: external and internal fields. Hereinto, the former is dominant. The external field originates from the disturbances of the upper-atmosphere, mainly due to solar activities; the internal field comes from the conductive Earth, and mostly is inductive field. Usually, for two stations with an inter-distance of a few hundreds km, the external field could be quite similar (Duma and Ruzhin, 2003; Han et al., 2009; Hattori et al., 2013a,b; Liu et al., 2006) , while the internal field might be different due to different underground conductivities. However, the differences of geomagnetic diurnal variations between the two stations should be stable, assuming the conductivities are constant. Such stability, especially for vertical component, could be destroyed by anomalous internal field at one station which might be induced either by underground conductivity changes or local earth currents. Therefore, monitoring of geomagnetic diurnal variation using a reference station with an adequate distance could help to know the electromagnetic activities in the vicinity of the target station, which may provide useful information on underground activities such as earthquakes and volcanoes Han et al., 2009; Liu et al., 2006) .
In previous studies, the ratio of geomagnetic diurnal variation ranges between a target station and a reference station has been proved to be an effective parameter for earthquake monitoring Liu et al., 2006) . Therefore, in this study we applied similar method to investigate if there is any possible anomalous change of diurnal variation associated with the Tohoku earthquake.
The diurnal variation range was calculated by subtracting the minimum value from the maximum value of geomagnetic fields in a day. Fig. 2 shows the geomagnetic diurnal variation range of the X component on a certain day. It is found that the variations of ESA and KAK were quite similar. The ratio of X component was computed as R x = DX KAK /DX ESA . In the same manner, the ratios of Y and Z components were calculated. It should be mentioned that the original data of ESA contains a few spike noises. To minimize the influences of such noises, a 5-level 'db5' wavelet filter has been applied to the original data to remove short period signals. In this study, we only used the signals with the periods greater than 64 min. The details of wavelet filter could be found in Han et al. (2011) and Hattori et al. (2013a,b) . Fig. 3 gives the results of the ratios between KAK and ESA of X, Y, and Z components and P Kp indices (the planetary 3-hour-range Kp index is designed to measure solar particle radiation by its magnetic effects, and P Kp index is one day's sum of Kp indices) from January 1, 2010 to December 31, 2012. The ratios of both X and Y components are close to 1, which implies the dominant external fields at KAK and ESA are almost identical. The ratio of Z component has an average value of about 1.6. This suggests that the underground conductivity beneath ESA is higher than that beneath KAK. Actually, the ESA station is located in a conductivity anomaly region Ogawa et al., 2012) , as well as a volcanic area. In Fig. 3 , the vertical dashed line indicates the time of the Tohoku earthquake. There is a clear enhancement in Z component (Fig. 3c ) in early January, 2011. Such anomaly is unlikely related to the variation of P Kp indices (Fig. 3d) , as there is no clear correlation between the ratios and the geomagnetic indices. Some other spike-like enhancements are also found in Z component, such as in April and October, 2011. Actually, geomagnetic fields of Z component could easily be affected by inhomogeneous currents in the ionosphere. Such condition could only persist for a few days. However, the earthquake-related conductivity changes or earth currents may persist a longer period. Thus, to make the possible earthquake-related phenomena much clearer, a 10-day running mean of the ratio of each component has been computed. Fig. 4 presents the 10-day running means of the ratio with corresponding mean ± 3r threshold shown by horizontal dashed lines. Fig. 4d gives the 10-day running mean of P Kp indices. It has been found that there is a unique enhancement exceeding the statistical threshold in Z component (marked by the dashed ellipse in Fig. 4c) in January, 2011, about 2 months prior to the Tohoku earthquake. In Fig. 4d , the corresponding P Kp indices are normal during this period, therefore, such anomaly, which is the only one obtained from a 3 years long background, is unlikely related to the variation of P Kp indices (Fig. 4d) . No similar enhancements were found in X component (Fig. 4a) . Although a few anomalies were detected in Y component (Fig. 4b) to be due to the seasonal variations, e.g., with a peak ratio around winter season. As we discussed before, the external fields dominated these horizontal components. In order to find out the details of the geomagnetic anomaly detected in Fig. 4 , the raw data observed at ESA and KAK have been checked. Fig. 5 demonstrates the original record of geomagnetic fields at the two stations during the periods when the anomaly appears. In both X and Y components, similar behaviors are found at the two stations. However, the Z component showed similar variations only for the first a few days and the last day in Fig. 5c . The diurnal variation ranges of ESA station become clearly smaller than those of KAK from January 4 to January 14, 2011. It is occasional to find that the P Kp index has a relatively high value around January 7 when geomagnetic variation of ESA exhibits the most clear anomaly. Someone may claim that the anomaly may be caused by strong geomagnetic disturbance (high P Kp index). To assure this, we have checked the geomagnetic variation on other days when the P Kp index is equal or higher than that of January 7, 2011. The data did not show similar results. Actually, as mentioned before, it could be found that there is no clear correlation between the ratios of diurnal variation range and the P Kp index in Figs. 3 and 4. On the other hand, the anomalous behavior of geomagnetic field appears not only on the day with high P Kp index but also on the quiet days in Fig. 5 . Therefore, the anomaly is probably not caused by global geomagnetic disturbances, but induced by local ground activities. The unusual behaviors of geomagnetic diurnal variations registered at ESA station are rather vagarious and distinctive because of its relative long duration, as well as that no similar results could be found in the horizontal components (except a few anomalies for the Y component (Fig. 4b) due to seasonal variations). Considering the time and location of the geomagnetic anomalies, it could be inferred that these anomalies might be related to the earthquake.
Discussion
At present, using a unique physics model to qualitatively interpret an earthquake precursor is rather difficult, while a stochastic test is very helpful to improve the reliability of the anomaly signal (Huang, 2006) . Taking into account that the geomagnetic data observed at KAK and ESA stations are highly correlated, it is not suitable to apply stochastic test to the original geomagnetic diurnal variations which are not independent. Alternatively, we performed a statistical test on the ratio of diurnal variation ranges which could be taken as an independent random variable. The ratios of the 3 components in Fig 3a-c were calculated from the original data and they are the most important parameters to find out any anomaly in our research, so it is reasonable to have our stochastic test based on the ratios. We assumed that the ratios have an identical probability density function (PDF) as that in Fig. 3 . We made a hypothesis that the anomaly we observed was caused by random phenomena, and accepted 0.05 (which is most often referred to as a significance level) as a significance level. We performed the statistical hypothesis test as the following steps. First, we generated 1000 synthetic series, by simply randomly shuffling the original series of the ratios to let they have the same PDF as the real data; then we calculated the 10-day running mean, and plotted all the 1000 synthetic series of the 10-day running mean in Fig. 6 . The time of missing data is the same as that in Fig. 4 in order to make a fair comparison. We counted how many times the synthetic series have the anomaly exceed 3r threshold as we obtained in Fig. 4 . From Fig. 6 , we found that the appearance probabilities of an anomaly in the components of X, Y, and Z are 0.026, 0.001, and 0.013, respectively. As the appearance probability of 0.013 for Z component is smaller than the significance level 0.05, we should reject the former hypothesis that the anomaly observed in Z component is a random one at a significance level of 0.05. Similarly, the statistical test result of Y component also rejected the former hypothesis that the anomaly in Y component is due to random effect, which indicates our explanations of the anomaly appeared in Y component due to the seasonal variation is plausible. As we did not find out any anomaly in the real ratios series in X component, the statistical test of X component is performed only as a reference.
The statistical hypothesis test also indicates that our 10-day running average is a positively valid method to obtain a non-random anomaly here. In a conclusion, based on the statistical test, we should say the clear anomaly before the mega event in vertical component (Fig. 4c) is not a random anomaly, but a reliable one with a statistical significance.
As the further evidence, we also made the statistical test based on a different method of generating synthetic series. We estimated the PDF of the real ratios of the diurnal variation ranges between the two stations and generated 1000 synthetic series from the above real PDF (each series have the same length of the original observation series). The same conclusion of the previous statistical test also holds for the current statistical test, further indicating that the anomaly revealed from the observation data (Fig. 4c) is significant and reliable.
In Fig. 5 , we have demonstrated clear anomalous behaviors of geomagnetic diurnal variation in Z component at ESA station. This is a unique phenomenon in the 3 years long background, which suggests the anomaly is not due to global geomagnetic disturbances, but possibly associated with the Mw9.0 earthquake. To clarify this unique phenomenon, the generation mechanism should be understood. So far, there have been a number of reports on conductivity changes associated with earthquakes (Manga et al., 2003; Tang et al., 1998; Tokunaga, 1999; Qian et al., 1990; Zhao et al., 1990; Zhao and Qian, 1994) . Therefore, the anomalies shown in Fig. 5 were possibly induced by conductivity structure changes. Another possible explanation is that some additional magnetic fields were generated via electrokinetic effect when the rock fractured due to sufficient stressing (Enomoto, 2012; Ren et al., 2012) and/or micro-fracturing (Molchanov and Hayakawa, 1995) during the preparation of the following earthquake. To validate these assumptions, the investigation of GPS deformation, seismicity, and deep tremor in this region is being performed to find out indirect evidences and coupling effects. The related results will be discussed elsewhere. 
Conclusion
In this study, we have investigated the geomagnetic data associated with the Tohoku earthquake. Unique anomalies of the ratios of diurnal variation range between target station ESA and reference station KAK have been detected in Z component over a 3-year background. The original records of geomagnetic fields at ESA have indicated that there were clear unusual behaviors of diurnal variations form January 4 to January 14, 2011, about two months prior to the Mw9.0 earthquake. The statistical test indicated that the above change is not a random but a reliable anomaly. These results suggest that the anomalous geomagnetic phenomena revealed in Figs. 4 and 5 might be related to the succedent Tohoku mega event.
